Studies on the structure, stability, and spectral signatures of hydride ion-water clusters J. Chem. Phys. 135, 214308 (2011) Photoelectron spectroscopic study of iron-pyrene cluster anions J. Chem. Phys. 135, 204301 (2011) Lowest-energy structures and electronic properties of Na-Si binary clusters from ab initio global search J. Chem. Phys. 135, 184305 (2011) Electron interaction with nitromethane embedded in helium droplets: Attachment and ionization measurements J. Chem. Phys. 135, 174504 (2011) Geometry optimization of bimetallic clusters using an efficient heuristic method J. Chem. Phys. 135, 164109 (2011) Additional information on J. Chem. Phys. We report the occurrence of interatomic Coulombic decay (ICD) in mixed NeKr clusters. A welldefined feature ranging from 9 to 12 eV in kinetic energy is observed in coincidence with the Ne 2s photoelectrons. It derives from an ICD process, in which an initial Ne 2s vacancy is filled by a Ne 2p electron and an electron is emitted from a 4p level on a neighboring Kr atom. We have studied the dependence of the effect on photon energy, cluster composition, and cluster size. Interestingly, the ICD electron energy increases slightly and grows a shoulder on going from 2% to 5% Kr in the coexpansion process, which we interpret in terms of surface versus bulk effects.
I. INTRODUCTION
One of the best known examples of autoionization (a process in which an atom or molecule spontaneously emits an electron and thus undergoes a transition into a higher charge state) is Auger decay. 1 Following inner shell ionization of the atom (or molecule), which leaves it in an excited state, a rearrangement occurs in order to reach minimum energy: An electron of lesser binding energy fills the inner shell hole and a second electron from the same or another level is emitted. Auger decay is usually regarded as a process taking part in an individual atom or molecule. One may then ask as to whether this type of autoionization occurs in a different way when the atom or molecule is placed in a particular environment, e.g., in the solid or in a cluster. In the last decade it has been found that new autoionization channels can indeed open up in such a case, leading to final states with one vacancy located at the site of original ionization and the other on a neighboring atom or molecule. [2] [3] [4] [5] [6] [7] [8] Typically, such a transition occurs at lower energy than most Auger processes and starts out from the ionization of an inner valence level. Both final state vacancies are located in outer valence levels. It is referred to as interatomic (or intermolecular) Coulombic decay (ICD); more recently, a related process, termed electron transfer mediated decay, has also been discovered. 9, 10 In order for ICD to take place, a "minimum energy criterion" has to be fulfilled, namely, the binding energy of the inner valence electron, the emission of which starts the process, must exceed the double ionization potential of the system. For the final states in question, the relevant limit is the sum of the binding energies of both outer valence electrons taking part in the decay, to which the Coulomb repulsion energy of the two vacancies in the final state needs to be added. 2, 7, 8, 11, 12 Therefore, the total energy of the final state a) Author to whom correspondence should be addressed. in the case of ICD can be lower than that in the Auger decay, because the Coulomb energy of the distributed vacancies in the ICD case is lower than the one of a localized two-hole state in the Auger case. Singly ionized states which cannot decay by Auger emission can be unstable against ICD. Experimentally and theoretically it has been found that ICD takes place on a time scale of the order of 1-100 fs. [13] [14] [15] [16] Therefore, in weakly bound systems the decay via ICD is more efficient than radiative decay paths or relaxation of the system involving nuclear dynamics. [2] [3] [4] 8 Although ICD is expected to be a universally occurring phenomenon, 2, 8, 14 ICD-related experiments have so far been performed mainly on rare-gas clusters and water clusters. Due to the fact that the photoemission spectrum from a solid is characterized by a strong background of "true secondary" electrons at very low kinetic energy and that coincidence experiments in this region are hence difficult to perform, clusters have been the system of choice. They not only resemble solids in structure and electronic behavior (see, e.g., Refs. [17] [18] [19] , but are also easy to prepare. Our study on mixed rare-gas clusters has two motivations. (1) They are suitable prototypes to investigate whether ICD can be used in research on the structure of weakly bonded systems. 20 (2) Simple estimates for ICD in Ne-Kr give an exceptionally large transition energy of around 10 eV, resulting in an isolated spectral feature. This also makes Ne-Kr a very suitable system for more refined spectroscopic studies on ICD, e.g., in the time domain.
In the present article we report on ICD observed in mixed Ne-Kr clusters, formed by coexpansion of a Ne/Kr gas mixture into vacuum. We identify the ICD signal as coming from the mixed aggregates in the following process:
Here, e − ph and e − ICD designate the photoelectron and the ICD electron, respectively.
Furthermore, in our study we have systematically studied the variation in form and position of the ICD peak as a function of the composition of the gas mixture and of size of the cluster. In earlier work, an ICD signal from other mixed rare-gas systems has been identified, namely, for larger NeAr aggregates in Refs. 20 and 21, for the He-Ne dimer in Ref. 22 and as a second step after Auger decay in Ar-Kr dimers. 23 ICD in mixed rare-gas clusters has also been the subject of numerous theoretical studies, see, e.g., Refs. 24-26 for NeAr, Refs. 27 and 15 for MgNe, and Ref. 28 for Ne doped He droplets (large He clusters). An interatomic Coulombic decay with transition energies around 10 eV has also been found in the He dimer. 29, 30 There, however, the ICD initial states are 1s-np photoelectron satellites, whereas we consider the decay after ionization into an inner valence main line, which-in comparison-receives a larger oscillator strength.
II. EXPERIMENTAL SETUP
The established method of producing rare-gas clusters is to expand the gas through a submillimeter nozzle, from a reservoir at a pressure of the order of 1-20 bar, into a vacuum chamber held at a pressure of the order of 10 −3 -10 −4 mbar. The supersonic jet thus obtained can then be directed through a skimmer with a diameter of the order of 50-500 μm before entering the experimental chamber. By this so-called supersonic expansion method, 31 one can produce homogeneous as well as heterogeneous (mixed) gas clusters. Mixed rare-gas clusters can be obtained via two different procedures: (1) A rare-gas cluster jet formed from one species is passed through an atmosphere of the second species in which atoms of the second type adsorb on the already existing clusters. This procedure is called doping or pickup. (2) The desired mixture of gases is preformed and expanded through the nozzle-skimmer system into the experimental chamber. This method is known as coexpansion. The ensuing cluster structure from the two methods is not necessarily identical (see Ref. 32) . For pickup of Kr atoms by large (N > 1000) Ne clusters a core-shell structure with a Kr core surrounded by Ne outer layers has been found. 33 In our experiments the Ne-Kr mixed clusters were prepared by coexpansion. No earlier experiments using this method of preparation are known to the authors. For mixtures of Ne and Ar, however, several studies have arrived at a structure analogous to Ref. 33 : A core of the species with the higher freezing temperature (Ar) is surrounded by few atoms or solid layers of the more volatile species (Ne). 20, 21 We therefore assume our clusters also have a Kr core/Ne shell structure.
The initial mixing ratio was varied in the experiments from 2% to 5% Kr atoms in the Ne-Kr mixture. The initial mixing ratio is not, however, identical with the proportions with which the two species are found in the cluster. The decisive factor influencing the composition of the final clusters is the van der Waals interactions between the atoms. These are reflected, for instance, in the dimer binding energies for the three possible combinations of bonds (Ne-Ne dimer binding energy: 3.6 meV, Kr-Kr dimer binding energy: 17.3 meV, Ne-Kr dimer binding energy: 6.1 meV). [34] [35] [36] It is clear that Kr atoms will condense more easily and at higher nozzle temperatures than Ne atoms. The clusters formed in the coexpansion are therefore richer in Kr than the initial gas mixture, while the agglomeration of Ne atoms (Ne clustering) is not favored. A quantitative study of this relation for the case of a Ne-Ar mixture can be found in Ref. 21 .
The cluster source has been described previously. 37, 38 In short, the gas mixture is prepared in the external reservoir with the desired composition and then expanded into vacuum through a 100 μm diameter nozzle with a half opening angle of 15
• . The nozzle can be cooled down by using liquid N 2 or liquid He, depending on the desired working temperature. For temperature stabilization, the system is fitted with an electronically controlled heater. The central part of the supersonic gas jet is then led into the interaction chamber via a conical skimmer (1 mm in diameter, Beam Dynamics, Inc., Jacksonville, USA), where it crosses the soft x-ray radiation in the interaction region of the electron spectrometer. Stagnation pressures and expansion temperatures in our experiments were typically 1.5 bar and 115 K and are detailed in the supplementary material. 39 The experiments were performed on the TGM-4 beamline of the BESSY II synchrotron light source in Berlin, Germany, in single-bunch mode, with photon energies between 55 and 110 eV. The spectrometer is a newly built magnetic bottle-type 40 electron energy analyzer based on a design by Lablanquie et al. 41 adapted to the situation at BESSY; it is an improved version of the instrument previously used for the investigation of ICD in H 2 O clusters. 5 This recently commissioned device has been described in detail by Mucke et al. 42 and has been successfully used for photoelectron spectroscopy of Ar clusters 18, 19 and of a fast beam of anions (OH − and O − ) produced by an optical laser. 43, 44 In short, the experimental setup makes use of an inhomogeneous magnetic field to extract and parallelize the electrons emerging from the ionization processes and a homogeneous magnetic field to guide the electrons to a microchannel plate (MCP) detector. In our setup, the total length of the drift tube is at 60 cm. The inhomogeneous field is produced by a permanent magnet of 200 mT that is placed few millimeters away from the interaction region. In front of the magnet, a 117.6 lines-per-inch copper mesh (Precision Eforming LLC, Cortland, USA) is electrically shielding the magnet from the interaction region. This allows a voltage to be applied on the magnet in order to hinder secondary electrons produced on its surface from penetrating the interaction region, but does not electrically influence the point of intersection between the cluster and synchrotron beams. The homogeneous magnetic guiding field is produced by a copper solenoid which is wrapped around a drift tube, outside the vacuum. The tube is separated from the interaction volume by an aperture and is terminated by a copper mesh few millimeters in front of the MCP stack. The spectrometer is designed such that, if desired, a retarding potential (improved energy resolution) or an accelerating potential (improved collection angle) can be applied along the interaction region. For the experiments presented here we have applied a retarding potential of U ap = U dt = −2.5 V on the aperture and drift tube, and U mesh = +2.5 V on the mesh. The magnet behind the mesh was kept at a constant voltage of U magnet = +10.0 V.
Electron energies measured by a magnetic-bottle-type spectrometer are inferred from the time-of-flight of the electrons, which are on the order of some hundred nanosecond in our instrument. Use of the BESSY single bunch mode is therefore a prerequisite for application of this technique. Time-to-energy conversion in our experiment was performed from reference measurements of noble gas photoelectron lines. The comparatively short length of the drift tube and the large spot-size at the TGM-4 beamline lead to an energy resolution of approximately E/ E = 20.
For an ionization process in which two electrons (e 1 and e 2 ) are produced, both are captured and guided efficiently to the MCP detector due to the large solid angle of collection. 5, 40, 41 Event-based data acquisition is accomplished by use of a multihit capable time-to-digital converter with 60 ps bin width (GPTA, Berlin, Germany). The background, as estimated from a part of the spectrum in which only electron pairs produced by two different synchrotron radiation pulses occur (not shown here), was subtracted in the offline analysis. This background of random coincidences is, however, quantitatively not significant for the data shown here.
The advantages of using such an electron spectrometer are the large acceptance angle, almost 4π sR, and the good transmission at low kinetic energies 5, 40, 41 , which is necessary for studying most ICD processes. 2, 3, 8, 24, [45] [46] [47] These features, which both lead to relatively short accumulation times per spectrum (less than 30 min), make the combination of magnetic bottle spectrometer and coincidence technique a very useful and effective tool to investigate such autoionization processes.
III. RESULTS AND DISCUSSION
As mentioned earlier, in order for the ICD process to become possible, a minimum amount of energy needs to be transferred to the system. For the case of a NeKr mixture, mixed ICD starts with Ne 2s ionization corresponding to the emission of a Ne 2s electron with an atomic electron binding energy of E b = 48.5 eV. 48, 49 The hole is then filled by a Ne 2p electron (atomic electron binding energies E b 1/2, Ne atom = 21.7 eV and E b 3/2, Ne atom = 21.6 eV) (Ref. 49 ) and the remaining energy is transferred to a neighboring Kr atom, leading to the emission of a 4p electron (E b 1/2, Kr atom = 14.7 eV and E b 3/2, Kr atom = 14.0 eV). 50 Allowing for some deviation of the energy levels from the atomic values due to cluster formation, the kinetic energy of the ICD electron will lie in the [8 eV, 12 eV] interval. Taking the NeKr dimer as a concrete example, the calculated value is 9.09 eV for an experimentally determined average interatomic separation of 3.76 Å (Ref. 51 ).
In Fig. 1 , the main panel (a) represents a coincident electron pair spectrum of NeKr clusters obtained from a mixture with 5% Kr at a photon energy of hν = 110 eV. Pixels in the color-coded map represent the number of events for which both electrons emitted in the ionization process have been recorded. The kinetic energy of the fast electron (denoted by e 1 ) is displayed on the vertical axis and the slower electron (e 2 ) on the horizontal axis. Regions of strong intensity in panel (a) of Fig. 1 identify the energies of electron pairs, which are emitted due to simultaneous or sequential photodouble-ionization. Several such regions are visible in the figure, which arise due to different processes. Corresponding to the estimated ICD kinetic energy of 8-12 eV, plotted on the e 2 axis, we find one distinct feature, which arises at an e 1 kinetic energy of approximately 61 eV. This e 1 energy corresponds to a binding energy of ∼49 eV, which fits satisfactorily to an ionization from the Ne 2s level in clusters. 16 We, therefore, identify this feature in the map of two-electron processes with the sought after ICD process: The Ne 2s −1 states in NeKr decay into mixed two-hole vacancy states according to the reaction Eq. (1). Additional evidence follows. While the broadening of the feature along the e 2 axis is mostly intrinsic, much of the broadening along the photoelectron energy axis (e 1 axis in Fig. 1 ) results from instrumental effects and amounts to approximately 3 eV at this kinetic energy. In the same manner as above, the most intense coincidence features that are seen for e 2 kinetic energies of about 15.8 and 17 eV can be identified with Kr 3d photoelectrons (atomic electron binding energies 50 93.8 and 95.0 eV, binding energies in N = 1000 clusters were found about 0.9 eV lower 52 ) in coincidence with MNN Auger electrons. 53, 54 It should be pointed out that we always display the slower of the two released electrons along the e 2 axis. Depending on the binding energy of the vacancy that is initially produced, this will be either the photoelectron or the electron emitted by the autoionization process. The time-of-flight difference that distinguishes the two electrons in Fig. 1 occurs entirely in the analyzer due to the difference in kinetic energy. Any intrinsic difference in the time of appearance of the two electrons would be in the fs range and is completely negligible in comparison. Only electron pairs with some difference in kinetic energy are plotted in the coincidence map. This is because the acquisition electronics have a dead time after having accepted an event. Some continuous features can also be distinguished in Fig. 1 . The diagonal lines extending from upper left to lower right (emphasized by the green dashed lines), the most prominent one of them starting at (e 1 and e 2 ) kinetic energies of (37.5 and 6.5 eV) are attributed to direct photo-double-ionization of uncondensed Ne into the 2p 4 doubly ionized states, with binding energies between E b (2p 4 ) = 62.5 and 69.4 eV. 55 In this process an arbitrary energy sharing between the two electrons is possible, i.e., only their total kinetic energy is fixed. Therefore, two-electron events can appear anywhere on a diagonal line defined by E k (e 1 ) + E k (e 2 ) = hν−E b (2p 4 ). The faint striations extending from lower left to upper right are due to an artifact of the acquisition electronics.
Summing the coincident events in the e 1 kinetic energy interval of [57 eV, 64 eV] (marked by the red horizontal lines) along the e 1 axis, for all values of e 2 , we obtain the spectrum shown in the upper-left panel of Fig. 1 [panel (b) ]. In analogy to earlier experiments on rare-gas clusters 3 and water clusters, 5 and following the discussion above, we interpret the broad feature in the [8 eV, 12 eV] e 2 energy interval in the upper-left spectrum as the kinetic energy spectrum of interatomic Coulombic decay in NeKr mixed rare-gas clusters. Some intensity which is seen at higher e 2 kinetic energies is due to Kr 3d photoelectrons, which have some overlap with the selected summation interval when they are detected in coincidence with an MNN Auger electron. By summing the coincident events along the e 2 axis for all possible e 1 kinetic energies, one obtains the spectrum of fast electrons shown in the panel on the right-hand side [panel (c)]. The structure between 35 and 60 eV of kinetic energy [see notations in Fig. 1(a) ] fits well to three groups of Kr M 4,5 NN Auger lines discussed in earlier publications. 53, 54 The Ne 2s photoline appears in this plot as a shoulder on the most energetic unresolved Auger line. Since we have derived Fig. 1 from the detected electron pairs only, electron lines due to conventional single photoionization are absent. The only process, which can lead to the appearance of events related to Ne 2s photoionization in the figure, is the emission of a second electron due to ICD.
Similarly to Fig. 1 , the main panel of Fig. 2 shows the (e 1 and e 2 ) coincident spectrum of NeKr mixed clusters (3% Kr in NeKr mixture) recorded at a photon energy of hν = 55 eV as a color-coded map. For consistency with the spectra of Fig. 1 , the kinetic energy of the faster electron e 1 is plotted on the vertical axis and the kinetic energy of the slower electron e 2 on the horizontal axis. However, as the kinetic energy of the photoelectron (∼6.5 eV) is smaller than the expected kinetic energy of the ICD electron, the spectrum in the upper-left panel-obtained by summing along the e 1 axis for all e 2 -shows in this case the photoelectron spectrum. It resembles the feature on the left-hand side in Fig. 1 (panel b) . The spectrum in the right-hand panel then displays the ICD electron energy spectrum, obtained by summing along the e 1 axis for all e 2 energies. The broad background underneath the ICD feature is produced by the electrons emitted after Kr 4p ionization (E b 1/2, Kr atom = 14.7 eV and E b 3/2, Kr atom = 14.0 eV). 50 We suggest that the Kr 4p electrons on their way out of the cluster ionize a Ne 2p electron via collision. A part of the kinetic energy of the 4p electron is used to overcome the Ne 2p binding energy and the rest can be divided between the two electrons in a continuous way. Similar to the case of direct photo-double-ionization discussed above the energy sharing between the two electrons released by photoionization + inelastic electron scattering is arbitrary, and the respective electron pairs will appear in the coincidence map as a broad diagonal feature of constant energy sum of the two electrons. One can see, comparing with Fig. 1 , that the ICD feature-in coincidence with the Ne 2s photoelectrons-occurs in the same kinetic energy range ([8 eV, 12 eV]), whereas that of the Ne 2s photoelectrons depends on the photon energy. The invariance of the ICD electron kinetic energy for initial ionization at different photon energies is in agreement with the expected ICD behavior. Similar experiments have also been performed at hν = 105 eV (not shown here), in which the ICD electron-Ne 2s photoelectron coincidence peak can be identified. However, as the Kr 3d photoelectrons are now 5 eV lower in kinetic energy they appear in the same energy range as the ICD electron. The two features from (Ne 2s, NeKr mixed ICD) coincidences and from (Kr 3d, M 4,5 N 2,3 N 2,3 Auger) coincidences. 53 cannot be completely separated.
Figures 3(a) and 3(b) show a series of ICD spectra as recorded at hν = 55 eV and hν = 110 eV, respectively, for three different initial gas mixing ratios of 2% Kr content (triangles), 3% Kr (circles), and 5% Kr (squares). All traces have been normalized to the same ICD peak height. Please note that, as already mentioned in the discussion of Fig. 2 , in Fig. 3(a) , the ICD spectrum sits on top of a background yielded after Kr 4p ionization, which is, due to energetic reasons, absent in Fig. 3(b) . The dashed vertical lines in both panels (a) and (b) indicate the center of gravity of the ICD peaks. One can observe that, on increasing the amount of Kr in the mixture, the ICD peak develops a shoulder on the high kinetic energy side and shifts slightly toward higher kinetic energies, from 10.4 eV (for 2% Kr) to 10.7 eV (for 3% Kr) and 11.1 eV (for 5% Kr), for hν = 55 eV. For hν = 110 eV the same analysis yields 9.7 eV (for 2% Kr), 9.8 eV (for 3% Kr), and to 10.2 eV (for 5% Kr). A possible explanation of the shift is that on enriching the mixture with Kr, the mixed cluster size will increase. (In our expansion Kr condenses much more readily than Ne. We cannot quantify the degree of condensation here, but for analogous experiments on NeAr mixtures typically most of the Ar, but only a small fraction of Ne is found in clusters. Thus an increased Kr content immediately shows up in the cluster size.) Larger clusters are more polarizable than smaller clusters, which has the effect that both the initial and the final states are lowered in binding energy compared to smaller aggregates. However, as the final state is doubly ionized, the lowering of the binding energy by polarization screening will be larger than for the initial state. In effect, this will lead to a higher kinetic energy of the ejected ICD electrons. 56 Based on the earlier results of Lundwall et al. for ArNe and Ar-Kr mixed clusters, 21, 57 we can safely assume that in the mixed coexpanded Ne-Kr clusters the Kr atoms will tend to concentrate in the core of the aggregates. For mixtures which are poor in Kr, closed layers of Ne will form atop of a Kr core. Thus, for Ne at the surface, every Ne atom has Ne nearest neighbors as well as some that are Kr. When the initial mixture is enriched with Kr the size of the Kr core increases and the layers of Ne start to get thinner. That is saying for a Ne atom at the Ne-Kr interface (the only ones which can participate in mixed ICD) the number of Kr nearest neighbors increases. This allows us to interpret the main part of the ICD peak observed for both smaller and larger clusters in terms of interatomic Coulombic decay involving Kr and a Ne atom in a rather compact Ne layer at the surface. The shoulder appearing toward higher kinetic energies for larger cluster sizes (i.e., larger Kr cluster cores) will then be the signature of ICD electrons emitted from a process starting with a 2s electron from a Ne atom at the cluster surface which is surrounded mostly by Kr atoms. Since Kr is more polarizable than Ne, this will lead to a lowering in final state energy and thus to an increase in transition energy.
This explanation assumes that the bond distance between the Ne and the Kr atom participating in mixed ICD does not change much on varying the overall cluster size. In principle, a change of ICD transition energy could equally well be caused by a change in separation of the Ne + and the Kr + cation in the final state. We do not expect such changes because of differences in the initial state Ne-Kr distance, since the interface of the Kr core and the Ne surface should be a local quantity, which is rather independent of the size of the Kr core. Nor has an influence of the nuclear dynamics initiated by the photoionization process been seen in most inner valence dipole-allowed ICD processes. 8 A full characterization of the mixed ICD process, including the shape of the outer valence band and the competition between Ne-Ne and Ne-Kr ICD, would be a worthwhile topic for future research though.
Taking into account that for a constant mixing ratio the size of the aggregates increases with both the increase of the stagnation pressure (p stag ) and the decrease of the nozzle temperature (T nozzle ), we have also investigated ICD as a function of cluster size (not shown here). However, within the accuracy of the experiment changes in the ICD peak position as a function of the expansion conditions are not significant. This might be interpreted as evidence that the NeKr signal we receive is characteristic for the interface between the two rare-gas layers only, and not for the cluster structure as a whole.
IV. CONCLUSIONS
Mixed NeKr clusters produced by coexpansion of the two gases have been investigated using electron-electron coincidence spectroscopy. The cluster composition was varied by changing the Kr content of the initial gas mixture (2% Kr, 3% Kr, and 5% Kr). We have demonstrated the occurrence of ICD in the decay of Ne 2s −1 ionic states, similar to earlier findings in heterogeneous weakly bound rare-gas clusters. 20, 21 The ICD feature has an unusually high kinetic energy of about 10 eV, thus separating it more clearly in energy from the secondary electrons and making the system a potential candidate for further spectroscopic characterization. Further, the results show that the ICD feature shifts toward higher kinetic energies on increasing the amount of Kr in the gas mixture, but not on increasing the cluster size at the same mixing ratio. We have explained this by the change in the polarizability of the clusters as the cluster size increases due to Kr enrichment, thus leading to a lowering of the initial and the final states, with the latter being lowered more than the former. In the mixing ratio dependence it was observed that the cluster size increase due to Kr enrichment also produces a shoulder on the high kinetic energy side of the ICD feature. This is interpreted as evidence of the involvement of both surface and bulk Kr atoms in the ICD process in Kr-rich clusters, whereas in smaller clusters containing less Kr the surface component seems to play a more important role.
